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ABSTRACT: Utilizing the mixed-ligand strategy, a novel fourfold-
interpenetrated 3D homochiral metal—organic framework (1) with rare
pair quadruple-stranded helices was assembled from bpee (1,2-bis(4-
pyridyl)ethylene) and NCG (N-carbamyl-L-glutamate). Changing the
carbamyl substituent of NCG with benzoyl group (NBzG: N-benzoyl-L-
glutamate), a non-interpenetrated 3D homochiral coordination polymer
(2) composed of alternate right-handed and left-handed single helix was
obtained. When p-tolylsulfonyl substituent was used instead, an interesting
homochiral linear structure (3) was formed from mixed-ligand bpee and
NTsG (N-p-tolylsulfonyl-L-glutamate), with all individual NTsG being
lined up orderly. The steric hindrance of N-substituent of L-glu has a
tremendous impact on the construction of these diverse frameworks.
Complexes 1—3 display second harmonic generation (SHG) efficiencies,
which are approximately 0.32, 0.45, and 0.55 times as much as that of KDP
powder.

B INTRODUCTION ligands."* In order to further develop the related research, we
focus on the synthesis of homochiral CPs with more diverse
frameworks (3D and 1D) and helix, from mixed ligand of a
linear rigid bis(pyridine) ligand and varied chiral linear
dicarboxylates.

Trans-1,2-bis(4-pyridyl)ethylene, a rigid linear N-donor
ligand, is powerful in the field of coordination chemistry. By
cooperating with different dicarboxylates, a great number of
CPs has been assembled. Among these examples, using the
mixed ligand of a chiral dicarboxylate and bpee to prepare
homochiral CPs has been poorly studied."* On the other hand,
L-glutamic acid (1-glu) is a cheap chiral material, having two
carboxylic acid groups and one amine. Transformation the free
amino group to amide can make the coordination mode simpler

Chirality and helicity are essential to biological functions, >
playing a very important role in the living processes. In recent
years, the homochiral and helical coordination polymers (CPs)
or metal—organic frameworks (MOFs) have attracted increas-
ing attention not only because of their intriguing architectures,
but also because of their potential applications such as
asymmetric catalysis,” enantioselective sorption and separa-
tions," and so forth® Up to now, many strategies and
methodologies have been developed to design and prepare
homochiral CPs, including the usage of chiral building blocks or
chiral auxiliary,® asymmetric crystallization from achiral
precursors (chiral induction),” and so forth.® Helicity often
goes with chirality, so various fascinating helical chains have
also been found in such homochiral CPs. Nonetheless, it is a
great challenge to design and construct helical structures
predictably because of the uncontrollability of the assembly
process. The mixed-ligand approach should be considered as an
attractive strategy to prepare helical structures. For example,
carboxylate combined with an N-donor ligand has been proven
successful in construction of numerous helical CPs.” Usually, V-
shaped ligands (dicarboxylate or bis(pyridine)) have been
employed.'® The cooperation of chiral linear dicarboxylates and
linear rigid N-donor ligands to prepare homochiral CPs with
helical motifs has been less explored.'’ Most recently, a series of
homochiral two-dimensional (2D) coordination polymers with
different helical chains have been self-assembled from a chiral Received: January 20, 2015
linear dicarboxylate and three achiral flexible bis(pyridine) Published: April 8, 2015

and avoid the side reaction between the amine and remote acid
of L-glu. When N-R-L-glu reacts with metals, it can function as a
simple chiral dicarboxylate linker.'*'* By combining bpee with
N-R-i-glu, to self-assemble with Zn(II) ions, some novel
homochiral frameworks with diverse helical chains should be
obtained. More importantly, the frameworks and helix may be
altered through adjusting the geometric size of the N-
substituent group of L-glu. We report herein the syntheses,
structural characterization, chirality, and nonlinear optical
properties of three homochiral coordination polymers from
bpee and three 1-glu derivatives (Scheme 1).
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Scheme 1. Structures of the Derivatives of L-Glutamate
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B EXPERIMENTAL SECTION

Materials and Methods. 1-Glu derivatives (NCGA: N-carbamyl-
L-glutamic acid; NBzGA: N-benzoyl-L-glutamic acid; NTsGA: N-p-
tolylsulfonyl-L-glutamic acid), bpee, Zn(NO;),-6H,0, and solvents
were purchased commercially and used directly. All manipulations
were carried out under aerobic and mild conditions. Elemental
analyses (C, H, and N) were performed with a Vario MICRO
CHNOS Elemental Analyzer. The infrared spectra with KBr pellets
were recorded in the range of 4000—400 cm™' on a PerkinElmer
Spectrum One FT-IR Spectrometer. Powder X-ray diffraction (PXRD)
data were collected on a DMAX-2500 diffractometer with Cu Ka.
Circular dichroism (CD) spectra were conducted on a Jasco J-810
spectrodichrometer. SHG measurements on powder samples of CPs
1—-3 and KDP were carried out by the Kurtz and Perry method using a
Nd:YAG laser (1064 nm).

Synthesis of [Zn(bpee)(NCG)-1.5H,0], (1). A solution of bpee
(55 mg, 0.3 mmol) and Zn(NO;),-6H,0 (90 mg, 0.3 mmol) in H,0/
EtOH/DMF (6 mL/3 mL/2 mL) was stirred for 10 min. Then, a
solution of NCGA (57 mg, 0.3 mmol) and 1 N NaOH (0.6 mL) in
H,O/EtOH (2 mL/4 mL) was added carefully over it. Colorless long
needlelike crystals were collected after one month. Yield: 122 mg, 88%.

Elemental analysis calcd (%) for C,H,;N,O¢Zn: C 46.72, H 4.57, N
12.11; found: C 45.90, H 5.10, N 11.81. IR (solid KBr pellet, v/cm™)
3477 (w), 3358 (m), 2944 (w), 2468 (vw), 1645 (w), 1619 (s), 1526
(m), 1438 (m), 1412 (s), 1396 (s), 1298 (s), 1260 (m), 1142 (w),
1066 (m), 1024 (m), 978 (w), 835 (s), 790 (w), 750 (w), 622 (m),
549 (s).

Synthesis of [Zn(bpee)(NBzG)], (2). Prepared as described for 1
except that NBzGA was used instead of NCGA. Colorless needlelike
crystals were collected after three months. Yield: 120 mg, 81%.
Elemental analysis caled (%) for C,,H,N;OZn: C 58.02, H 4.26, N
8.46; found: C 57.63, H 4.38, N 8.38. IR (solid KBr pellet, v/cm™)
3350 (s), 3058 (w), 3033 (w), 2915 (w), 2459 (vw), 1636 (s), 1611
(s), 1522 (m), 1484 (m), 1421 (s), 1362 (s), 1341 (s), 1303 (s), 1282
(s), 1252 (w), 1214 (m), 1201 (w), 1100 (m), 1062 (m), 1024 (s),
957 (m), 830 (s), 775 (w), 729 (m), 695 (m), 636 (w), 568 (m), 551
(s), 463 (m).

Synthesis of [Zn(bpee)(NTsG)(H,0),]l, (3). Prepared as
described for 1 except that NTsGA was used instead of NCGA.
Colorless bulk crystals were collected after three months. Yield: 145
mg, 83%. Elemental analysis caled (%) for C,,H,,N;05SZn: C 49.4S,
H 4.67, N 7.21; found: C 49.37, H 4.77, N 7.19. IR (solid KBr pellet,
v/em™) 3358 (m), 3282 (m), 2890 (w), 2307 (vw), 1602 (s), 1556
(s), 1539 (s), 1459 (m), 1421 (s), 1391 (s), 1320 (s), 1290 (m), 1305
(w), 1197 (w), 1155 (s), 1092 (s), 1011 (m), 973 (s), 919 (m), 826
(s), 809 (s), 775 (w), 703 (m), 653 (s), 547 (s), S09 (w), 484 (m).

Single-Crystal Structure Determination. The X-ray single
crystal structure analyses for compounds 1—3 were performed on a
Rigaku SCXmini diffractometer (Mo Ka radiation, A = 0.71073 A,
graphite monochromator) at 293(2) K. Empirical absorption
corrections were applied to the data using the SADABS program.'®
The structures were solved by the direct method and refined by the
full-matrix least-squares on F* using the SHELXL-97 program.16 All of
the non-hydrogen atoms were refined anisotropically, and the
hydrogen atoms attached to carbon were located at their ideal
positions. Crystal data for 1—3 are presented in Table 1. Selected bond
lengths and angles of 1-3 are listed in Tables S1—S3 of the
Supporting Information.

B RESULTS AND DISCUSSION

Description of Crystal Structures. Crystal Structure of
[Zn(bpee)(NCG)-1.5H,0],, (1). Complex 1 crystallizes in the

Table 1. Crystal Data and Refinement Results for Complexes 1-3

compound 1
Empirical formula C,,HgyN c0,4Zn,
M 462.76
Crystal system orthorhombic
Space group P2,2,2
Flack parameter 0.03(1)

a (A) 17.655(7)

b (A) 21.733(8)

¢ (A) 5.626(2)

a (deg) 90

p (deg) 90

7 (deg) 90

V/A3 2158.6(13)

V4 4

D./g cm™ 1424

4/mm™ 1.180

Orange (deg) 23072-27.5283
h, k, I, ranges —22 to 22, —28 to 27, =7 to 7
F(000) 956

Ry,* wR? [I > 26(1)] 0.0446, 0.1427
GOF on P 1.084

2 3
CosHg4N1,050Zn, CyH,7N;3045Zn
496.81 582.92
monoclinic triclinic
P2, P1
0.07(1) 0.02(1)
5.2954(6) 5.737(4)
21.7207(18) 9.220(6)
18.731(2) 11.957(8)

90 79.343(16)
97.633(8) 85.956(13)
90 88.690(19)
2135.3(4) 619.9(7)

4 1

1.545 1.561
1.193 1.130

2.1716—27.4547
—6 to 6, —28 to 28, —14 to 23

2.2479-27.5205
—7to 7, =11 to 11, —15 to 15

“R = Y (||Fol — IFc||)/ YIFol. PwR = {Yw[(Fo* — FZ)*]/ Y wl(Fo?)*]}"2.

1024 302
0.0711, 0.1149 0.0323, 0.0524
0.967 0.896
3952 DOI: 10.1021/acs.inorgchem.5b00130
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Figure 1. (a) Coordination configurations of Zn(II) atom (hydrogen atoms and disordered oxygen atoms have been omitted for clarity). Symmetry
code: (a) x — 1/2, =y + 1/2, —z + 1; (b) —« + 3/2,y — 1/2, —z — 1. (b) Single 3D structure of 1 viewed down the a axis, left-handed helical chain
composed of NCG (right), and 1D nanotubular channels (below). (c) Single 3D structure of 1 viewed down the ¢ axis and a pair of helical chains.
(d) Fourfold-interpenetrated 3D framework of 1 with pair quadruple-stranded helices. (e) Topological net.

orthorhombic space group P2,2,2 with flack parameters of 0.03
(1); its asymmetric unit consists of one Zn(II), one bpee, one
NCG, and one and a half uncoordinated water molecules
(Figure 1a). All the Zn(II) ions are four-coordinated by two O
atoms (O1 and O3a) of carboxylate groups from two separate
NCG and two N atoms (N1 and N2b) of two different bpee
ligands, forming a distorted tetrahedral coordination geometry.
The bond lengths of Zn—N are 2.030(3) and 2.037(3) A, and
the two Zn—O distances are 1.936(3) and 1.964(3) A,
respectively. The Zn--Zn distance spanned by one NCG and
one bpee is 9.85(1) and 13.41(1) A, respectively. The bond
angles around Zn(II) ions vary from 98.9(1)° to 114.1(1)°.
The NCG ligands are linked by Zn(1II) ions to form a 1D left-
handed helical chain with the pitch of 17.66 A along the a axis
(Figure 1b). The bpee connected those helical chains via Zn—N
coordination bonds to form a 3D framework with 1D
nanotubular channels along the a axis (Figure 1b). A pair of
similar helical chains was observed viewed down the ¢ axis: one
is left-handed with the carbamido groups directed outward
from the spiral channel; the other is right-handed with all
carbamido groups pointed inward. Both helical pitches are
2249 A (Figure 1lc). Such a single 3D structure with large

3953

windows is unstable except by interpenetration or by
incorporation of appropriate guests. So, a homochiral four-
fold-interpenetrated 3D metal—organic framework compound
is given, in order to minimize the large void cavities and
stabilize the framework. Meanwhile, a pair of quadruple-helices
is also formed (Figure 1d). To the best of our knowledge, there
have been few reports on such a pair of quadruple helices."”
Various hydrogen bonds exist between neighboring helical
chains (Figure S1, Supporting Information), with bond lengths
varied from 2.39 to 2.81 A. Topologically, the 3D network can
be described as a four-connected fourfold interpenetrating
diamond net with a point symbol {6°} (Figure le).

Crystal Structure of [Zn(bpee)(NBzG)], (2). Complex 2
crystallizes in the chiral monoclinic space group P2,, with flack
parameters of 0.07(1). The asymmetric unit consists of one
Zn(1I), one bpee, and one NBzG (Figure 2a). Both Znl and
Zn2 adopt a distorted tetrahedral coordination geometry, which
is completed by two O (O1, O6 and O3, O8a, respectively)
atoms from two NBzG ligands and two N (N1, N4 and N2b,
NSc, respectively) atoms from two bpee ligands. The bonds
lengths of Zn—0O and Zn—N are 1.897(5) to 2.061(7) A. The
bond angles around Zn(II) ions vary from 93.4(2)° to

DOI: 10.1021/acs.inorgchem.5b00130
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Figure 2. (a) Coordination configurations of Zn(II) atom (hydrogen
atoms have been omitted for clarity). Symmetry code: (a) x — 1,5,z —
;(b) —x,y—1/2,—z—2; (c) —x + 1,y + 1/2, —z — 2. (b) 3D
structure of 2 viewed down the a axis, with left-handed and right-
handed helical chains arranged alternately. (c) Topological net.

129.1(3)°. The Zn---Zn distances spanned by one bpee ligand
and one NBzG ligand are 13.44(1) and 13.48(1) A, 9.30(1)
and 10.12(1) A, respectively. Complex 2 shows a homochiral
3D structure possessing two kinds of helical chains, in which
the left-handed and right-handed helical chains are in an
alternate arrangement along the ¢ axis by sharing the bpee
ligands (Figure 2b). The helical pitches are 5.29 A, according to
the length of the a axis. All the helical channels are occupied by
the phenyl groups of NBzG. There exist many hydrogen bonds

(aromatic H-+-O and N—H--O), with bond lengths varied
from 223 to 2.83 A (Figure S2, Supporting Information).
Considering each metal a node, the 3D network of 2 can be
described as a four-connected CdSO,-like framework with a
point symbol {6°.8} (Figure 2c).

Crystal Structure of [Zn(bpee)(NTsG)(H,0),], (3). The
single-crystal X-ray diffraction study revealed that complex 3
crystallizes in the chiral triclinic space group P1 with flack
parameters of 0.02(1). Its asymmetric units contain one Zn(II),
one bpee, one NTsG, and two coordinated water molecules
(Figure 3a). The Zn(II) center adopts a distorted octahedral
coordination configuration completed by four O atoms from
one carboxylate of NTsG (Ol and O2) and two water
molecules (O7 and O8) composing the equatorial plane, and
two N (N1 and N2a) atoms from bpee at the apical position.
The other carboxylate of NTsG is uncoordinated. The selected
bond length and angles are listed in Table S3. The Zn--Zn
distances spanned by one bpee are 13.68(1) A. The bpee ligand
functions as a bridging linker, connecting different Zn(II) to
form an infinite linear chain. The chiral NTsG ligands dock at
each Zn(II) center orderly, which causes complex 3 to have
homochirality (Figure 3b). Different lines of 3 are piled into a
2D layer through varied intermolecular hydrogen bonding
interactions (Figure 3c). The lengths of hydrogen bonds vary
from 2.39 to 2.76 A. Adjacent layers are stacked in an AA type
arrangement. There have three intermolecular hydrogen bonds
(aromatic-H--O) and the lengths of hydrogen bonds are 2.49,
2.57, and 2.61 A. As a result, a 3D architecture of complex 3
was formed (Figure 3d).

Comparison of the Structures. The achiral ligand bpee
displays similar linear conformations and functions as a
bridging linker, connecting different Zn(Il) to form zigzag
chains in complexes 1 and 2, and a linear chain in complex 3.
The chiral dicarboxylate ligands NCG, NBzG, and NTsG adopt
different conformations and coordination modes. In complex 1,
the NCG acts as a simple bidentate bridge, to link Zn(II) ions
via two monodentate carboxyl groups to form a 1D left-handed
helical chain. Similarly, the NBzG in complex 2 acts as a simple
bidentate bridge as well; however, the —(CH,);— chains show
two different types of configurations (anti—anti vs syn—anti,

(b) Jd d b

Figure 3. (a) Coordination configurations of Zn(II) atom (hydrogen atoms have been omitted for clarity). Symmetry code: (a) x,y — 1,z + 1. (b)
Linear chain of 3. (c) 2D layer of 3 composed of different chains through intermolecular hydrogen bonding interactions (purple dashed lines
represent the intermolecular hydrogen bonds). (d) 3D structure of 3 viewed down the a axis (red dashed lines represent the intermolecular

hydrogen bonds).
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Figure S3, Supporting Information), whereas in complex 3,
only one carboxyl group of NTsG takes part in coordination
with a bidentate mode.

The size of N-substituent of L-glu has a tremendous impact
on MOFs construction. When the R substituent is carbamyl
group, a homochiral interpenetrated 3D framework 1 with a
pair quadruple helices was obtained. Although fourfold
interpenetration has occurred in complex 1, there still exist
one-dimensional channels along the ¢ axis (Figure 1d). The
effective aperture sizes of the two open channels are
approximately 0.7 nm X 0.7 nm and 04 nm X 0.3 nm,
respectively. The accessible void of 1 calculated by PLATON/
SOLV'® analysis is estimated to be 20% without consideration
of the H,O molecules. As the single 3D structure of 1 has large
windows viewed down the a- and b-axes, we consider
introducing a more sterically hindered N-substituent of L-glu
to effectively prohibit framework interpenetration. If successful,
the homochiral MOFs with large pores will have potential
applications such as in chiral separation. So the NBzG was used
instead of NCG. Interestingly, a non-interpenetrated 3D
structure with single-stranded helices has been prepared,
however, the topological structure of which is different from
complex 1 to a certain degree (cds via dia). The inter-
penetration has been effectively suppressed, but unfortunately,
the benzoyl group occupied the only remaining 1D channel,
which causes 2 to have no free volume. Further increasing the
substituent of L-glu with the p-tolylsulfonyl group, a novel
homochiral bpee-Zn(II) linear chain has been obtained, with
NTsG docking at Zn(II). By adjusting the N-substituent of -
glu, pairs of quadruple- to single-stranded helices to lines in the
mixed-ligand system have been observed (Scheme 2). More

Scheme 2. From Pair Quadruple- to Single-Stranded Helices
to Lines in a Mixed Ligand System via Adjusting the N-
Substituent Group of L-Glu
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fascinating frameworks and helical chains may be generated by
further modifying the R-group or changing the bpee ligand,
which is being undertaken by our group. This method should
also be promoted to other mixed-ligand systems.

Powder X-ray Diffraction and Thermal Stabilities of
the Three Complexes. In order to confirm the phase purity
of these complexes, PXRD of complexes 1—3 were measured at
room temperature. The experimental PXRD patterns of
complexes 1—3 are in good agreement with the simulated
ones calculated from the single-crystal diffraction data,
indicating that they are in a pure phase (Figures S4—S6,
Supporting Information).

To determine the thermal stability of the three complexes,
thermogravimetric (TG) measurements were performed in a
N, atmosphere. TG curves of 1—3 are shown in Figure S7 in
the Supporting Information. Complexes 1—3 remained stable
up to 210, 291, and 203 °C, respectively. The TGA curve of
complex 1 indicates that the loss of H,0O molecules occurs

3955

between 84 and 153 °C (found 5.50%, calc. 5.82%). In complex
2, no weight loss has been found before 291 °C, while a weight
loss of 6.55% (calc. 6.18%) was observed in complex 3 with
respect to the losses of water molecules.

Circular Dichroism and Nonlinear Optical Properties.
Given that the homochiral complexes 1—3 crystallize in chiral
space groups, their solid-state circular dichroism spectra (CD)
were studied. As seen in Figure 4a, the CD spectrum of
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Figure 4. Solid-state CD spectra of samples 1 (a), 2 (b), and 3 (c). (d)
Comparison of the measured SHG efficiencies of complexes 1—3 with
that of KDP.

250 KDP

complex 1 shows a positive Cotton effect with peaks around
228 and 302 nm, and a negative Cotton effect around 266 and
365 nm; while complex 2 displays a positive CD signal at 337
nm, and negative CD signals at 241 and 376 nm (Figure 4b).
Complex 3 exhibits a positive Cotton effect with peaks at 227
and 302 nm, and a negative Cotton effect around 254 and 364
nm (Figure 4c). The results confirm their homochiral nature,
which is in good accord with the structures obtained by single-
crystal X-ray diffraction.

Second harmonic generation (SHG) active MOFs or CPs,
combining the advantages of the organic ligands and metal ions,
have attracted great interest due to their potential applications
in electric-optical devices, light modulators, and information
storage.lg‘Sh Complexes 1—-3 are chiral CPs; therefore, their
second-order nonlinear optical (NLO) properties were studied
by using a Nd:YAG laser (1064 nm). SHG measurements on
microcrystalline samples of the three compounds were carried
out by using the Kurtz—Perry method™® at room temperature.
The results show that complexes 1—3 display SHG efficiencies,
which are about 0.32, 0.45, and 0.55 times that of KDP powder
in the particle size of 106—150 um (Figure 4d and Figure S8,
Supporting Information), indicating the obvious effects of the
chirality on the SHG efficiency in complexes 1—3. The change
tendency of NLO properties and structures seems closely
related, so we not only can prepare the diverse frameworks but
also can adjust their NLO properties by altering the N-
substituent of L-glu in this mixed ligand system.

DOI: 10.1021/acs.inorgchem.5b00130
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Bl CONCLUSION

In summary, the mixed-ligand strategy, cooperation of an
achiral and a chiral ligand, has been shown to be efficient in the
preparation of novel homochiral and helical structures. By
applying such methodology, homochiral coordination polymers
1-3 have been self-assembled from bpee and three r-glu
derivatives under mild conditions. Complex 1 is a 4-fold-
interpenetrated 3D framework with paired quadruple-stranded
helices; while complex 2 is a non-interpenetrated 3D structure
with single-stranded helices. By further increasing the size of N-
substituent of L-glu (from carbamyl to benzoyl to p-
tolylsulfonyl), an interesting linear chain of complex 3 has
been obtained. The steric hindrance of the N-substituent of L-
glu greatly affects the structures of the CPs and their helical (or
linear) chains. More diverse homochiral frameworks and helix
may be constructed if adjusting the N-substituent group of L-
glu. Other mixed-chiral and achiral ligand systems and the
applications of these homochiral CPs are being investigated in
our group.
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